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The major loss mechanism of photogenerated polarons was investigated in P3HT:PCBM solar cells by the
photo-CELIV technique. For pristine and annealed devices, we find that the experimental data can be explained
by a bimolecular recombination rate reduced by a factor of about ten (pristine) and 25 (annealed) as compared
to Langevin theory. Aided by a macroscopic device model, we discuss the implications of the lowered loss rate
on the characteristics of polymer:fullerene solar cells.
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Organic bulk heterojunction (BHJ) solar cells have shown
an increasing performance in the recent year, and also scien-
tific progress concerning the fundamental understanding has
been made1. However, the dominant loss mechanism of the
photocurrent is still under discussion. In polymer:fullerene
solar cells, usually bimolecular recombination processes are
observed by charge extraction techniques,2 whereas the short
circuit current of state-of-the-art devices shows a monomolec-
ular signature.3 Koster et al. approached an explanation of this
discrepancy by applying a macroscopic device model,4 stating
that bimolecular recombination at short circuit accounted for
only a few percent loss, therefore being latent in the current–
voltage measurements. In order to contribute to this discus-
sion, we apply photo-induced charge extraction by linearly
increasing voltage (photo-CELIV)5 on pristine and annealed
P3HT:PCBM (poly(3-hexyl thiophene):[6,6]-phenyl-C61 bu-
tyric acid methyl ester) solar cells in order to investigate the
polaron recombination dynamics.
We prepared organic bulk heterojunction solar cells by
spin coating 1:1 blends of poly[3-hexyl thiophene-2,5-diyl]
(P3HT) with [6,6]-phenyl-C61 butyric acid methyl ester
(PCBM), 20mg/ml dissolved in Chlorobenzene, on PE-
DOT:PSS covered ITO/glass substrates. The active layer was
about 105nm thick. Al anodes were thermally evaporated. We
obtained P3HT from Rieke Metals and PCBM from Solenne.
The photo-CELIV method was applied on pristine and an-
nealed samples. Charge carriers were generated by a short
laser pulse (Nitrogen laser with dye unit, 5ns, 500µJ/cm2).
After a delay time at zero internal field, the remaining charges
are extracted by a voltage ramp in reverse bias. The charge
carrier mobility and the concentration of extracted charge car-
riers are obtained simultaneously. Furthermore, we use a
macroscopic simulation program implemented by us which
solves the differential equation system of the Poisson, conti-
nuity and drift–diffusion equations by an iterative approach,
as described in Ref.6.
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FIG. 1: Photo-CELIV spectrum of a pristine P3HT:PCBM solar cell
in dependence of the delay time betwen laser pulse and extraction
voltage pulse at 180K. The second extraction peak shows the negli-
gible influence of injection currents for the pristine sample.
A photo-CELIV measurement of a pristine P3HT:PCBM
solar cell is shown in Fig. 1. The evaluation of the extracted
charge concentration in dependence on the delay time gives us
direct insight into the polaron recombination dynamics. Nei-
ther monomolecular nor Langevin-type bimolecular recombi-
nation are able to fit the experimental data well. Instead, the
data is to be described by a reduced Langevin recombination
rate
R= ζγ(np−n2i ) (1)
with a prefactor ζ < 1 (ζ = 1 corresponds to the original
Langevin theory7), where n and p are electron and hole con-
centration, respectively, ni is the intrinsic carrier concentra-
tion, and γ is the Langevin recombination parameter. The lat-
ter is linearly proportional to the charge carrier mobility. We
note that a trimolecular fit (dn/dt ∝ n3) gave an even lower
deviation for the 180K pristine P3HT:PCBM sample. Despite
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FIG. 2: Simulated current–voltage characteristics of a poly-
mer:fullerene solar cell under one sun for three different values of the
recombination prefactor ζ. The pronounced influence of the reduced
bimolecular recombination on the field-dependent photocurrent can
be clearly seen.
a very recent report with similar findings8,9, further investiga-
tions are necessary to verify this unexpected result. Therefore,
and in analogy to literature10,11 and our previous results12 on
annealed P3HT:PCBM devices only, we interpret the experi-
mental data in view of reduced Langevin rates for both pristine
and annealed samples. At 180K, the pristine solar cells show
ζ of around 0.1, which is further reduced to ζ = 0.04 for an-
nealed devices. At higher temperatures, the pristine sample
stays at approximately 0.1. For the annealed sample, the de-
termination of the prefactors is strongly influenced by charge
injection, increasing the error margin; within its bounds, we
see no temperature dependent variation of ζ. Previously re-
ported was an even weaker Langevin recombination rate, thus
a lower ζ, at higher temperatures10,12.
In order to clarify the impact of a reduced bimolecular
recombination rate on working polymer solar cells, we per-
formed macroscopic simulations. The calculated current–
voltage characteristics under one sun for three different values
of ζ, 1 (Langevin), 0.1, and 0.01, are shown in Fig. 2 . Clearly,
the field-dependent photocurrent is improved by a lowering of
the bimolecular recombination rate. In order to quantify the
influence of the latter, we use the recombination yield as a
measure. It is defined as
recombination yield = 1− U
PG
(2)
where U = PG− (1−P)R is the net generation rate, G is the
exciton generation rate, and P the polaron pair dissociation
yield. The recombination yield is shown in Fig. 3. We note
that the recombination term R includes photogenerated and
injected carriers, but is normalised to the polaron photogen-
eration rate PG. If normal Langevin recombination (ζ = 1)
were applicable, even the short-circuit current would be low-
ered by bimolecular losses. With values of the prefactor of
below a tenth as determined by our experiments, however,
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FIG. 3: Simulated bimolecular recombination yield (Eqn. 2) of poly-
mer:fullerene solar cells in dependence on the recombination pre-
factor ζ.
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FIG. 4: Simulated carrier concentration in the active layer of poly-
mer:fullerene solar cells under open-circuit conditions. The reduced
bimolecular recombination leads to a significant increase of the car-
rier concentration.
the losses start only at higher voltages. Thus, mainly the fill
factor and the open-circuit voltage are negatively affected by
the nongeminate recombination. The low recombination rate,
however, limits its impact on the solar cell performance, so
that the charge extraction properties are governing the solar
cell efficiency rather than the bimolecular recombination.
The effect of the recombination yield on the carrier concen-
tration under open-circuit conditions is depicted in Fig. 4. The
lower the recombination rate, the higher the steady-state car-
rier concentration in the active area of the polymer:fullerene
solar cell. Actually, this difference in carrier concentra-
tion is directly reflected in the solar cell characteristics: the
higher carrier concentration indicates that the quasi-Fermi lev-
3els move closer to their respective bands. This leaves more
room for the open-circuit voltage, which is thus increased for
raised electron and hole concentrations due to lower nongem-
inate loss rates.
In conclusion, by performing charge extraction experiments
on pristine and annealed P3HT:PCBM solar cells, we have
shown that the bimolecular loss rate is reduced significantly
as compared to Langevin theory. The fill factor and the open-
circuit voltage are reduced by the nongeminate recombina-
tion, but due to the low recombination rate, the solar cell
performance is mainly determined by the charge extraction
properties. Nevertheless, the finding of a reduced Langevin
recombination rate has an impact on the understanding and
modelling of polymer solar cells, as was shown by perform-
ing macroscopic device simulations, and therefore needs to be
accounted for in future studies.
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